Abstract-Decreasing eddy current is very important for the realization of stability control of HoMB system. In order to improve the dynamic performance precision of HoMB in the design stage, the dynamics and stiffness analysis of a homopolar magnetic bearing (HoMB) has been studied in this paper. Because the polarities of the magnetic poles were not changed during the rotation of rotor, the effect of eddy-currents was often ignored in the previous researches. However, when the frequencies of vibration caused by external disturbance and control currents are very high, eddy-current effects have significant influence on the performance of HoMB. In order to predict the HoMB performance, guide the HoMB design and control of the HoMB system in high frequency, a dynamics model was built on the equivalent circuit method. Parameters of dynamic Modeling are frequency-dependent. The effect of eddy-currents on the current stiffness was studied. The analysis results show that the eddy current effect on HoMB can be reduced by increasing the air gap, decreasing the laminations thickness and decreasing the laminations conductivity.
INTRODUCTION
Due to the advantages of no friction, no abrasions, no lubrication, no maintenance, high speed, high precision, etc. [1] [2] [3] [4] , magnetic bearings (MB) have been widely applied in reaction wheels, energy storage flywheels [5, 6] , control momentum gyros [7] , momentum wheels, high reliability compressors [8] , molecular vacuum pumps [9] , and robotics [10, 11] among others.
Generally, radial MBs can be divided into two categories based on the magnetic polarities seen by rotor as it rotates [17] . One is HoMB, and the other is heteropolar magnetic bearing. Compared to the heteropolar magnetic bearing, homopolar magnet structures have much lower rotational losses because of less field variation of rotor and lower induced eddy currents [18] [19] [20] [21] . Since the polarities of the magnetic poles were not changed during the rotation of rotor, the effect of eddy-currents was often ignored in previous studies. However, when the frequencies of vibration caused by external disturbance and control currents are very high, eddy-current effects have significant influence on the performance of HoMB.
Due to the time-varying magnetic field, eddy currents exist in the stator and rotor of MBs as the rotor rotates [22] [23] [24] [25] . In [22] , the authors analyzed the eddy-current loss for design of small active magnetic bearings with solid core and rotor. Due to the high rotational speeds, eddy current losses became lager. In [23] , the eddy current losses in the thin surface layer of a laminated core were analyzed. Besides, eddy current reduces force of actuator and cause the phase lag between actuator coil current and the force. The magnetic field would be weaken by eddy currents [24, 25] . In [25] , a new method for analyzing the eddy current fields in laminations is presented. This method was based on the equivalent conductivity and permeability. All these effects are very important to the performance of control system. However, the dynamic stiffness of the magnetic bearing decreases at high speed.
Research on the stiffness of the existing literature on homopolar magnetic bearing usually adopts static stiffness value. This paper focuses on the dynamics and stiffness analysis of a HoMB. By establishing the dynamic magnetic circuit model of magnetic bearing, the expression of dynamic stiffness is derived. The theoretical analysis curve of dynamic stiffness is analyzed. The influence of key design parameters on dynamic stiffness is obtained through simulation analysis. A test method of dynamic stiffness is put forward, and experiments are carried out on the prototype. Finally, the test values are compared with the previous theoretical values, and conclusion is given out.
In order to predict the performance and guide the design of the HoMB drive in high frequency for controlled in vacuum environments, for small amplitude high frequency disturbances of the equilibrium position, the influence of displacement stiffness on the dynamic performance is much less than that of the control current. Therefore, the stiffness analysis of this paper is mainly aimed at the analysis of dynamic current stiffness. Firstly, structure and model of HoMB were briefly introduced. Secondly, dynamic modeling has been deduced. Thirdly, effects of key parameters on the dynamic performance were analyzed. Finally, distribution of magnetic fields, eddy current loss and frequency response of current stiffness were analyzed by FEM.
STRUCTURE OF HOMB
The structure of the HoMB to be analyzed in this paper is shown in Fig. 1 . This four-pole HoMB consists of a radial stator, a rotor, a shaft, permanent magnets and a back iron. The magnetic poles are wound with coils. A displacement sensor circuit board is installed next to the radial stator. Four displacement sensors are mounted on the circuit board to detect the displacement of rotor. Compared to a two-stator and eight-pole structure, this HoMB has shorter axial length. Bias magnetic flux was provided by four separated permanent magnets instead of bias current. Usually, the static working point determined by the permanent magnets is set as half of saturated magnetic density of material. Difference control method was applied to the control current. When the HoMB works, for one radial air gap between the stator and rotor, the control flux will be added together with the bias flux, whereas in the radial air gap of opposite direction, the control flux will be subtracted from the bias flux. As a result, the difference of magnetic flux between these two air gaps generates magnetic levitation force to keep the rotor balance. 
DYNAMIC MODELING
For a HoMB, during the rotating period of rotor, polarities of magnetic flux density of air-gaps will not be changed. So the eddy current effect can be neglected when the rotor is balanced at the equilibrium position. But when dynamic load occurs, the current in the coil will appear in the corresponding frequency to keep the rotor stable. For this situation, the eddy current effect cannot be ignored.
Dynamic Permeability
For a HoMB, Maxwell's equations for time-varying magnetic field can be written as
where E is the electric field intensity; B is the magnetic flux density; H is the magnetic field intensity; J is the current intensity. Constitutive relation of medium material can be expressed as
where μ 0 is the permeability of vacuum; μ r is the relative permeability of material; σ is the electronic conductivity. Combining Eqs. (1), (2), (3), (4) and (5), the following can obtained
Ignore end effects and assume that all magnetic field lines are perpendicular to the surface of the rotor and the surface of magnetic pole. Then, magnetic field in the air gap does not have axial component. It means that magnetic field between rotor and stator has only x and y components.
For laminated plates, the change of B in the z direction is much larger than that in the radial direction. Therefore, the change of B in the radial direction can be ignored.
Therefore, Eq. (6) can be changed into
Here B can be expressed in complex number
Substituting Eq. (9) into Eq. (8) for the same part, we can get
Solving this equation, we can get the expression of general solution as follows
where λ is the eigenvalue; c 1 and c 2 are the undetermined coefficients.
According to the continuity of magnetic field strength, we can get boundary conditions of the outer surface and inner surface of the rotor.
For Eq. (9), define B n0x and B n0y as the components in the x and y directions, respectively, then
According to the symmetry condition, we can get the value of c 1 and c 2 .
where d is the thickness of lamination. Then, combining Eqs. (14) and (11), we can get
According to the continuity of the H on the inner surface of the stator
Here, μ rs is the dynamic equivalent permeability of stator lamination.
Analysis of PM Bias Circuits
Figure 2(a) shows the bias flux path generated by the permanent magnet. Fig. 2(b) shows its equivalent magnetic circuit model. Considering the relative small displacement compared with the dimension of the stator air gap, we can assume that the air gap reluctance between the back iron and the rotor can be simplified as constant value R ir under acceptable tolerance. In the following analysis we will validate this assumption. Then, we can define
where R pm is the reluctance of permanent magnet; R ir is the reluctance of air-gap between the rotor and back iron.
R x+ , R x− , R y+ and R y− are the reluctances of air-gap in x+, x−, y+ and y− directions, respectively. Reluctance of the radial air gap can be calculated as
where g r is the length of radial air gap; A r is the area of the pole; Based on the Kirchhoff's law in magnetic circuit, according to Fig. 2(b) , we can get magnetic circuit equations:
where φ pm is the bias flux of the stator magnetic yoke; φ px+ , φ px− , φ py+ and φ py− are the bias fluxes of air-gap in x+, x−, y+ and y− directions, respectively; magnetomotive force (MMF) F pm can be calculated as
In the above expression, H pm is the coercive force; l pm is the magnetization length. By solving the matrix equation (20), we get every magnetic flux as follows:
where
When the rotor is located at original, displacement x = 0 and y = 0, ⎡
Dynamic Control Circuit Model
When the frequency of current is low, the eddy current effect of magnetic bearing performance influence is weak. In this case, the traditional static magnetic circuit model is feasible for the analysis of magnetic bearing performance. Static magnetic circuit model ignores the reluctance of iron and only calculates the air gap reluctance. When the magnetic bearings are applied to high speed, the eddy current generated by the high frequency dynamic electromagnetic field will affect the performance of magnetic bearing, which will result in the decrease of magnetic force and the lag of phase. Therefore, the eddy current effect must be taken into account, including the static magnetic circuit model of the dynamic magneto resistance.
When the rotor is located in balanced position Using superposition method, when the current is only in the coil of x+ direction, the total magnetic resistance of control magnetic flux can be expressed
where R sd1 and R sd2 are equivalent dynamic magnetic resistance of the corresponding stator iron core; R rd is the equivalent dynamic magnetic resistance of rotor. According to Eq. (17) and geometric parameter shown in Fig.4 , we can get
The magnetic flux through the x+ direction magnetic pole is
Therefore, with the x+ and x− directions of magnetic poles at the same time, the direction of the magnetic pole in the atmosphere of the total control of the magnetic flux
If the load is static, the control current is DC current. The core resistance and rotor resistance can be neglected. So Eq. (31) can be changed into
The Deduction of the Electromagnetic Force and Stiffness
When the rotor is at the equilibrium position, bias magnetic flux is superimposed by the control flux. The electromagnetic suspending force in x-direction generated by the magnetic bearing can be expressed as
When the load is static, the control current is DC current. Then we substitute Eqs. (22) and (33) for the same parameters in Eq. (35), resulting in the expression changed into
As we have analyzed the electromagnetic force by First-order Taylor Series Expansion for simple cases in Eq.(35), the electromagnetic force in x-axis direction and y-axis direction can be expressed as the follows:
Therefore, the static force-current factor in x-direction can be deduced through Eqs. (36) and (37)
The static force-displacement factor in x-direction can be deduced through Eqs. (36) and (37)
When the load is dynamic, control flux can be expressed as
The dynamic force-current factor in x-direction can be deduced through Eqs. (35) and (40).
Amplitude-frequency characteristic can be expressed as
Phase-frequency characteristic can be expressed as
EFFECTS OF KEY PARAMETERS ON THE DYNAMIC PERFORMANCE

Length of Air-Gap
Eqs. (17), (24) and (41) show that the air gap is a critical parameter to the dynamic current stiffness. Fig. 5 shows the effect of air gap length on the magnitude and phase of current stiffness at different frequencies. The higher the frequency is, the greater the attenuation of amplitude and frequency is. It can be seen that when the length of the air gap increases, magnitude attenuation degree and phase delay of current stiffness decrease quickly at first and then slow down. Figure 6 shows the effect of the thickness of laminations on the current stiffness. It can be seen that decreasing the thickness of laminations can decrease the magnitude attenuation degree and phase delay of current stiffness. Figure 7 shows the effect of the conductivity of laminations on the current stiffness. It can be seen from Fig. 7 that decreasing the conductivity of materials can decrease the magnitude attenuation degree and phase delay of current stiffness. Compared to Fig. 6 , it can be seen that the effect of conductivity on current stiffness is not as obvious as that of thickness of laminations. 
THE THICKNESS OF LAMINATIONS
CONDUCTIVITY OF MATERIALS
FEM ANALYSIS
The values of main parameters of HoMB are listed in Table 1 According to Eq. (41), the dynamic response of the current stiffness can be obtained, as shown in Figs. 9(a) and (b) . It can be seen that the magnitude of current stiffness will attenuate, and the phase will delay as the frequency increases due to the eddy-current effects. By choosing appropriate design parameters, both amplitude attenuation and phase lag can be controlled within a small range. 
CONCLUSION
This paper introduces the dynamics and stiffness analysis method of a hybrid HoMB including eddy currents. For the HoMB, the eddy currents are mainly caused by time-varying control currents. The dynamics model is built on the equivalent circuit method. The induced eddy currents will result in the magnitude decrease and phase delay of the dynamic stiffness, which is very important for the control. Analysis results show that the eddy current effect on HoMB can be reduced by increasing the air gap, decreasing the laminations thickness and decreasing the laminations conductivity. 
